The mechanisms whereby the high variation in numbers of morphologically healthy oocytes and follicles in ovaries (ovarian reserve) may have an impact onovarian function, oocyte quality, and fertility are poorly understood. The objective was to determine whether previously validated biomarkers for follicular differentiation and function, as well as oocyte quality differed between cattle with low versus a high antral follicle count (AFC). Ovaries were removed (n ¼ 5 per group) near the beginning of the nonovulatory follicular wave, before follicles could be identified via ultrasonography as being dominant, from heifers with high versus a low AFC. The F1, F2, and F3 follicles were dissected and diameters determined. Follicular fluid and thecal, granulosal, and cumulus cells and the oocyte were isolated and subjected to biomarker analyses. Although the size and numerous biomarkers of differentiation, such as mRNAs for the gonadotropin receptors, were similar, intrafollicular concentrations of estradiol and the abundance of mRNAs for CYP19A1 in granulosal cells and ESR1, ESR2, and CTSB in cumulus cells were greater, whereas mRNAs for AMH in granulosal cells and TBC1D1 in thecal cells were lower for animals with low versus a high AFC during follicle waves. Hence, variation in the ovarian reserve may have an impact on follicular function and oocyte quality via alterations in intrafollicular estradiol production and expression of key genes involved in follicle-stimulating hormone action (AMH) and estradiol (CYP19A1) production by granulosal cells, function and survival of thecal cells (TBC1D1), responsiveness of cumulus cells to estradiol (ESR1, ESR2), and cumulus cell determinants of oocyte quality (CTSB).
INTRODUCTION
The nonreplenishable pool of healthy follicles and oocytes in ovaries (ovarian reserve) of women [1] [2] [3] and cattle [4, 5] is highly variable at birth, and the number of follicles and oocytes and oocyte quality decrease rapidly during aging. Consequently, adults have a highly variable ovarian reserve throughout their reproductive lifespan [1] [2] [3] [4] [5] . Many studies report that relatively high numbers of follicles are positively associated with enhanced ovarian function and a variety of indices of fertility in women [6] [7] [8] [9] [10] [11] [12] and cattle [4, [13] [14] [15] [16] [17] . These observations imply not only that individuals with low follicle numbers have diminished ovarian function, poor oocyte quality, and suboptimal fertility, but that the variation in nonovulatory follicle numbers has an important role in the reproductive success of single-ovulating species. However, the mechanisms whereby the inherently high variation in follicle numbers [1, 4] may have an impact on ovarian function, oocyte quality, and fertility in humans and cattle are poorly understood, especially because appropriate animal models to examine these potentially important linkages have not been developed.
We have taken advantage of the bovine model to examine the physiological significance of the variation in follicle numbers, because cattle have relatively long reproductive cycles with two or three well-characterized follicle-stimulating hormone (FSH)-induced waves of growth and atresia of antral follicles [18, 19] similar to women [20, 21] . Most importantly, however, serial ovarian ultrasonography shows that the peak number of antral follicles growing during each different follicular wave is very highly repeatable within individuals (0.85 to 0.95; 1 ¼ perfect), despite the 7-fold variation in follicle numbers among young adult cattle [22, 23] . These observations clearly illustrate that cattle can be phenotyped reliably based on antral follicle count (AFC) during follicular waves [22, 23] , and that cattle are an appropriate model to elucidate the physiological significance of the high variation in follicle numbers in ovaries.
Recent studies using the bovine model also demonstrate that circulating FSH concentrations are inversely [17, [22] [23] [24] associated with number of morphologically healthy follicles and oocytes during follicular waves in young adult cattle. In contrast, circulating anti-Müllerian hormone (AMH) concentrations are positively associated with follicle numbers in cattle [25] . Moreover, healthy young adult cattle with a consistently low versus a high AFC during follicular waves also have a reduced number of morphologically healthy oocytes and follicles in ovaries [25] , reduced responsiveness to superovulation and an accompanying reduced yield of high-quality transferable embryos, and diminished in vitro blastocyst development [22, 23] . These same phenotypic differences between young adult cattle with a low versus a high AFC are also reported for older versus younger women [3, 6, 8, 10, 12, [26] [27] [28] [29] [30] or cattle [4, [15] [16] [17] [31] [32] [33] [34] , young women with relatively high versus normal circulating FSH concentrations [35] , and young women born small versus normal size for gestational age [36, 37] . However, it is unknown whether the inherently high variation in follicle numbers and the corresponding chronic alterations in circulating FSH and AMH concentrations during follicular waves of young adult cattle are also associated with alterations in ovarian function.
It is well established that FSH has a fundamentally important positive role in folliculogenesis. For example, FSH receptors are exclusive to granulosal cells of follicles [38, 39] , and FSH is required for growth and differentiation [40] of antral follicles during follicular waves [41] [42] [43] . The AMH receptors are also located in granulosal cells [44] , but AMH is reported to inhibit FSH action in rodent models [45] . Taken together, the inherently high variation in follicle numbers during follicular waves of bovine estrous cycles and the corresponding alterations in circulating FSH and AMH concentrations are hypothesized to alter differentiation of follicles growing during follicular waves, which in turn has an impact on follicular function and oocyte quality. The present study, therefore, was designed to begin to test this hypothesis by determining whether ovarian biomarkers in follicular fluid (steroids and growth factors), somatic cells (mRNAs in thecal, granulosal, and cumulus cells), and oocytes (mRNAs), previously shown in the bovine to be potentially important for follicle development and oocyte quality, differed between healthy age-matched young adult cattle with a consistently low versus a high AFC during follicular waves.
MATERIALS AND METHODS

Animals, Tissue Collection, and Follicle Classification
Cross-bred beef heifers (Hereford 3 Angus 3 Charolais, n ¼ 32, 11-13 mo old) were synchronized with two injections of prostaglandin F 2a (PG; Prosolvin; Intervet Ireland Ltd., Dublin, Ireland) given 11 days apart. Follicle development was monitored daily in each heifer by ovarian ultrasonography. Heifers were assigned to one of two groups based on the peak number of follicles (!3 mm in diameter) in the first follicular wave of the estrous cycle: low ( 15 follicles, n ¼ 5 animals) or high (!25 follicles, n ¼ 5 animals). Remaining animals in the intermediate category (n ¼ 22) were not used for subsequent studies. All experiments involving animals were licensed by the Department of Health and Children of Ireland in accordance with the cruelty to animals act (Ireland 1897 ) and the European Community Directive 86/609/EC. Animals in the low and high groups were resynchronized with PG as explained above and slaughtered at the emergence of the first follicle wave, which was 24-48 h after ovulation as first detected by ultrasonography (Days 2-3 of the estrous cycle) but before the wave's dominant follicle could be identified based on its distinctly larger size. This early stage of the follicular wave was selected as the time for surgical removal of ovaries because the largest follicles are rapidly growing in response to the postovulatory FSH surge that initiates the first follicular wave [41] . Moreover, the largest growing follicles should have relatively similar diameters (;5-7 mm [46] ), and thus be at potentially similar stages of growth and differentiation. Pairs of ovaries were collected, weighed, and measured. The three largest follicles per pair of ovaries were dissected, diameters measured, follicular fluid (FF) aspirated, and thecal and granulosal cells collected from each individual follicle as described previously [47] . Cumulus-oocyte complexes were also retrieved from the FF of each follicle, and cumulus cells and denuded oocytes were isolated as described previously [48] and stored at À808C in lysis buffer (Ambion, Huntingdon, U.K.) until RNA isolation. All dissections were carried out in ice-cold RNAlater (Ambion). Theca and granulosa cells were snap frozen in 1 ml of TRIZOL (Invitrogen, Carlsbad, CA) using liquid nitrogen and stored at À808C. Ovarian volume was calculated using the formula volume ¼ (4/3) p 3 (length 3 width 3 height) [49] .
Selection of Ovarian Biomarkers to Quantify in Growing Follicles and Oocytes
A variety of steroids and growth factors in FF and mRNAs in granulosal, thecal, and cumulus cells and oocytes previously shown primarily in the bovine to be potentially important for dominant follicle development and oocyte quality were selected as ovarian biomarkers for cell differentiation, follicular function, atresia, and differentiation and quality of oocytes ( Table 1) .
Analyses of FF
Estradiol concentrations were measured in FF samples as described previously [73] using a Biodata Estradiol MAIA kit (Biochem Immunosystems, OVARIAN RESERVE, FOLLICLE FUNCTION, OOCYTE QUALITY Bologna, Italy). All FF was diluted 1:100 in PBS prior to assay. The interassay coefficients of variation (CVs) were 6.7%, 6.6%, and 7.9% for low, medium, and high (17.9, 51.9, and 199.9 pg/ml) reference samples, respectively, and the intraassay CV values were 9.9%, 6.6%, and 11.7% for the same samples, respectively. Progesterone concentrations in FF were measured by fluoroimmunoassay (AutoDELFIA Progesterone; Wallac Oy, Turku, Finland). Prior to assay, FF was diluted 1:100 in PBS. The interassay CV values were 10.6%, 5.2%, and 3.2% for low, medium, and high (0.25, 2.37, and 6.09 ng/ml) reference samples, respectively, and the intraassay CV values were 2.1%, 6.6%, and 11.7% for low, medium, and high reference samples, respectively.
Concentrations of inhibin-A in FF were determined using a two-site ELISA specifically developed for bovine/ovine samples [74] . Purified bovine 32-kDa inhibin [75] was used as standard, and the detection limit of the assay was 20 pg/ml. Within-and between-plate CVs were both ,12%.
Concentrations of total ACT in FF were measured using the two-site ELISA [76] . Recombinant human ACT was used as standard, and the assay detection limit was 100 pg/ml. Within-and between-plate CVs were both ,10%.
Concentrations of total follistatin in FF were measured using the two-site ELISA [77] . The assay detection limit was equivalent to 100 pg/ml recombinant human FST, and within-and between-plate CVs were both ,16%.
The commercially available human MIS/AMH ELISA kit (DSL-10-14400; Beckman Coulter Inc., Fullerton, CA) previously validated in the bovine [25] was used to measure AMH concentrations in FF (diluted 1:200) in cattle per the kit instructions. The two-site AMH assay does not cross-react with other members of the transforming growth factor b (TGFb) superfamily, including TGFb1, BMP4, or ACT [78] . Intraassay CV for an overall average AMH concentration of 1.62 6 0.07 ng/ml was 10% (n ¼ 1 assay).
RNA Isolation and Quantitative Real-Time PCR for Granulosal and Thecal Cells of Individual Follicles
Total RNA was extracted from thecal and granulosal cell samples of each follicle using the standard TRIZOL protocol followed by DNase treatment steps to minimize genomic DNA contamination as described previously [47] . For cDNA synthesis, 2 lg of total RNA was reverse transcribed using the SuperScript II RNase H-Reverse Transcriptase (Invitrogen) and primed by random hexamers. The quantities of both RNA and cDNA were measured using a NanoDrop ND-100 (NanoDrop Technologies, Wilmington, DE) spectrophotometer. Quantitative real-time PCR was carried out using an Mx3000P Q-RT-PCR machine (Stratagene, La Jolla, CA) in 96-well plates to determine differences in mRNA abundance for genes of interest in follicular cell types from heifers with low versus high AFCs. Primers for real-time PCR for genes of interest were designed using Primer Express, Version 2.0 (Applied Biosystems, Foster City, CA) and are shown in Table 2 . In brief, each reaction (25 ll) contained 20 ng of cDNA, 900 nM each primer, 12.5 ll of Brilliant SYBR Green QPCR Master Mix (Stratagene), and remaining volumes of nuclease-free water, and each sample was assayed in duplicate. Two nontemplate control samples were included on each plate for each primer set. The thermal cycling program used to amplify target cDNAs sequences involved 508C for 2 min (one cycle), 958C for 10 min (one cycle), 958C for 15 sec, and 608C for 1 min (40 cycles). Specificity of amplification with each primer set in each assay was confirmed by melting-curve analysis. The mRNA abundance for each target gene was normalized against the levels of the constitutive housekeeping gene ACTB. The mean target gene threshold cycle (Ct) and mean exogenous control (ACTB) Ct for each sample were calculated from duplicate wells. The mean Ct of the control was then subtracted from the target gene Ct of samples to give the DCt. In each experiment, the mean of one experimental group served as a control (calibrator). Subsequently, the DCt of sample was then subtracted from the calibrator DCt to give the DDCt. The relative amounts of target gene expression (Table 2) for each sample were then calculated using the formula 2 À(DDCt) [79] .
RNA Isolation and Quantitative Real-Time PCR for Oocytes and Cumulus Cells of Individual Follicles
Total RNA was extracted from single oocytes and matching cumulus cells isolated from the three largest follicles collected from beef heifers with low or high AFCs using the RNAqueous micro kit (Ambion, Austin, TX) according to the manufacturer's instructions. Before RNA extraction, each sample was spiked with 250 fg of green fluorescence protein (GFP) synthetic RNA as an exogenous control for RNA recovery and efficiency of cDNA synthesis [48] . The average GFP recovery from oocytes for all animals was 64.9%, and there was no difference in GFP recovery between animals with a high or a low AFC Transforming growth factor, beta receptor III, betaglycan or inhibin co-receptor (TGFBR3)
Fibroblast growth factor (acidic) intracellular binding protein (FIBP) AF010187
Homo sapiens serum response factor or c-fos serum response element-binding transcription factor (SRF)
Prion protein (p27-30) (present in Creutzfeldt-Jakob disease, Gerstmann-Strausler-Scheinker syndrome, and fatal familial insomnia (PRNP)
Cocaine and amphetamine regulated transcript (CARTPT) NM001007820
a All primers were used at 900 nM.
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(67.3% 6 4% versus 62.4% 6 3%; P ¼ 0.30). Residual genomic DNA was removed by DNAse I digestion (Ambion). RNA was eluted twice from the silica-based microfilter cartridge using 10-ll volumes of prewarmed (758C) elution solution according to the manufacturer's instructions. The RNA from each oocyte or cumulus cell sample was divided into two 10-ll aliquots. Both aliquots of extracted total RNA were used for cDNA synthesis. Total RNA (10 ll in duplicate) from each sample for real-time PCR analyses was used for reverse transcription using oligo dT(15) primers as described previously [48] . After termination of cDNA synthesis, each RT reaction was then diluted with nuclease-free water (Ambion) to a final volume of 20 ll.
The quantification of all gene transcripts was done by real-time quantitative RT-PCR using SYBR Green PCR Master Mix (Applied Biosystems). Primers were designed using the Prime Express program (Applied Biosystems) and derived from bovine gene sequences found in GenBank (Table 3) , and the amplicon size for each of the genes studied ranged from 80 to 270 bp. Each reaction mixture consisted of 2 ll of cDNA, 300 nM each of forward and reverse primers, 7.5 ll of nuclease-free water, and 12.5 ll of SYBR Green PCR Master Mix in a total reaction volume of 25 ll (96-well plates). Reactions were performed in duplicate for each sample in an ABI Prism 7500 Sequence Detection System (Applied Biosystems). Two nontemplate control samples were included on each plate for each primer set. Specificity of amplification with each primer set in each assay was confirmed by melting-curve analysis. The thermal cycler program consisted of 40 cycles of 958C for 15 sec and 608C for 1 min. For real-time PCR experiments, amounts of mRNAs of interest were normalized relative to an exogenous control (GFP) to control for differences in RNA recovery and efficiency of RT [48] , and also were separately normalized relative to abundance of an endogenous control (18S rRNA) to account for RNA concentrations between samples. Data for INHBA, INHBB, and FSHR (Table 3) were expressed relative to 18S rRNA and quantified using the relative quantification method [79] as described above. Copies of ESR1, ESR2, FST, AMH, CTSB, CTSS, CTSK, CTSZ, JY-1, 18S rRNA, and GFP (Table 3) were quantified using the standard curve method for absolute quantification [80] . Data for these genes are expressed as copies of mRNA per copy of 18S rRNA or GFP mRNA.
Culture of Granulosal Cells Isolated from Animals with a Low Versus a High AFC
Bovine granulosal cells were isolated from small antral follicles (2-5 mm in diameter) present on the surface of ovaries collected at a local abattoir. Ovaries were selected based on the number of antral follicles per pair of ovaries as follows: ovaries in the low group had 15 follicles that were !3 mm in diameter, whereas ovaries in the high group had .25 follicles. For each group, only five follicles were isolated per ovary, and the granulosal cells from five ovaries were pooled. Four different pools of granulosal cells were then cultured in serum-free media as described previously [81] . In brief, 100 000 live cells were plated in 96-well Falcon Primaria plates for 2 days without media change. Concentrations of estradiol in spent media were measured at the end of culture using a commercially available kit (Diagnostic Products Corp., Los Angeles, CA). Estradiol concentrations were then normalized to the number of live granulosal cells at the end of the culture. Number of live cells was determined following trituration to remove cells from wells, staining of cells with Trypan blue for 1 min, and use of a hemacytometer to count the number of live versus dead cells.
Statistical Analysis
ANOVA was used to determine whether statistically significant differences (P , 0.05) existed for concentrations of hormones and growth factors in FF or media and abundance of mRNAs in granulosal, thecal, and cumulus cells and oocytes in F1, F2, and F3 follicles for animals in the low versus high groups [82] . When main effects were significant, individual means were compared using protected least significant difference [82] .
RESULTS
Similar to results previously reported for this animal model [22, 23, 25] , the overall average and peak of number follicles during the first follicle wave, number of follicles counted after surgical removal of ovaries, and paired ovarian weight and volume were much greater (P , 0.01) in animals from the high versus the low group (Table 4) .
Diameters of F1, F2, and F3 follicles differed (P , 0.0001; Fig. 1 ), but concentrations of estradiol ( Fig. 1) and other hormones and growth factors in FF and the abundance of mRNAs for the ovarian biomarkers measured in follicles and oocytes (Table 1) were similar (P . 0.10; data not shown) among the different follicle size classes. Thus, data for the OVARIAN RESERVE, FOLLICLE FUNCTION, OOCYTE QUALITY largest three follicles were pooled for each animal in the low or high groups for further statistical analysis. The ovarian biomarkers are listed in Table 1 . Each biomarker was chosen because previous studies (see references by each marker in Table 1 ), primarily in the bovine, demonstrated that the specific hormone, growth factor, or mRNA of interest was potentially important for follicular development. Results showed that although diameters were similar between low-and high-AFC groups (Table 5) , several potentially key ovarian biomarkers in FF and the different cell types differed (P , 0.05) for the three largest follicles combined between the two groups of animals as follows:
1. Follicular fluid: Concentrations of a variety of wellestablished biomarkers for follicular function in the bovine were measured in FF (Table 1) . Although intrafollicular concentrations of progesterone, ACT, INHA, FST, and AMH were similar (Table 5) , estradiol concentrations in FF were about 2-fold higher (P , 0.02) in animals with a low versus a high AFC (Figs. 1 and 2 ). In addition, basal capacity to produce estradiol was ;3-fold greater (P , 0.01) for granulosal cells isolated from small antral follicles of animals with a low versus a high AFC (Fig. 3) .
2. Thecal cells: Expression of genes for LHCGR, ESR1, ESR2, TBC1D1, PRNP, CAMK1, and SRF in thecal cells has previously been shown to be altered during follicular development in cattle ( Table 1) . Results of the present study showed that abundance of nearly all of these mRNAs was similar, except for TBC1D1, which was ;50% lower (P , 0.02; Fig. 4 ) in thecal cells for animals with a low versus a high AFC.
3. Granulosal cells: Expression of genes for FSHR, LHCGR, ESR1, ESR2, MRPL41, CYP19A1, and AMH in granulosal cells ANOVA indicated that diameters differed (P , 0.0001) between F1, F2, and F3 follicles but were similar (P . 0.26) for animals with low versus high follicle numbers. In contrast, estradiol concentrations were similar (P . 0.32) between F1, F2, and F3 follicles but higher (P , 0.02) for animals with low versus high follicle numbers. have previously been shown to be altered in bovine or rodent granulosal cells during follicular development (Table 1) . Although abundance of mRNAs for FSHR, LHCGR, ESR1, ESR2, and MRPL41 was similar, abundance of CYP19A1 mRNA was 4-fold greater (P , 0.01; Fig. 2 ), but AMH mRNA was ;20-fold lower (P , 0.01; Fig. 4 ) for animals with a low versus a high AFC. There was also a tendency for BCAR1 mRNA to be lower (P , 0.09) for animals with a low versus a high AFC (Table 5 ). 4. Cumulus cells: Bovine cumulus cells contain receptors for FSH and estradiol, and they produce AMH (Table 1) . However, despite marked differences in FSH and AMH secretion between cattle with a low versus a high AFC [22, 23, 25] , abundance of mRNAs in cumulus cells for FSHR and AMH (Table 1) were similar (Table 6 ), but mRNAs for ESR1 and ESR2 were about 2-fold greater (P , 0.01; Fig. 5 ) for animals with low versus high follicle numbers.
5. Follicular atresia: Alterations in abundance of mRNAs for TGFBR3, FIBP, and CARTPT in granulosal cells, FOXO3 and TGFBR3 in thecal cells, and INHA and ACT concentrations in FF have been established to be reliable indices of atresia in bovine follicles (Table 1) . However, no differences in these biomarkers were detected between animal groups (Table  5 ).
6. Oocytes: Expression of genes for JY-1, INHBA, and INHBB are significantly altered during maturation of bovine oocytes (Table 1) . Intrafollicular estradiol concentrations differed markedly between animal groups in the present study, and high estradiol inhibits maturation of bovine oocytes [63] . Consequently, it was determined whether alterations in intrafollicular estradiol result in alterations in abundance of mRNAs for ESR2, JY-1, INHBA, and INHBB (Table 1) in individual oocytes isolated from the two different animal groups. Although JY-1, INHBA, and INHBB mRNAs were similar, there was a tendency (P , 0.09) for ESR2 mRNA to be more abundant in oocytes from animals with a low versus a high AFC (Table 6 ). In addition, mRNA abundance of FST in oocytes and CTSB, CTSS, CTSK, and CTSZ in cumulus cells has been shown to be a reliable marker for oocyte quality in the bovine (Table 1) . Although alterations in mRNA abundance of FST in oocytes and CTSK and CTSZ in cumulus cells did not differ (Table 6 ), abundance of CTSB mRNA was 2-fold higher (P , 0.01; Fig. 6 ), whereas there was a tendency for CTSS to also be higher (P , 0.09; Table 6 ) for animals with a low versus a high AFC.
DISCUSSION
The most significant results of the present study demonstrated for the first time in a single-ovulating species that the inherently high variation in follicle numbers during follicular waves is also associated with significant alterations in intrafollicular estradiol production, which is the hallmark for follicular function, and expression of key genes important for differentiation, function, and survival of thecal (TBC1D1), granulosal (CYP19A1, AMH), and cumulus cells (ESR1, ESR2, CTSB) in the largest three follicles growing during follicular waves. In the present study, it is important to emphasize that there were not widespread differences in sizes or amounts of many well-characterized bovine ovarian biomarkers, including those for atresia, in the three largest follicles obtained from each pair of ovaries. This important observation clearly demonstrates that follicles were dissected from ovaries of both groups of cattle at very similar stages of development during the first follicular wave. Thus, the differences in estradiol production and gene expression observed in the present study were more likely attributable to the inherently high variation in follicle numbers rather than differences in the timing of surgical removal of follicles from ovaries during a follicular wave between the cattle with low or high follicle numbers. Taken together, these results provided important new evidence that potential physiologically significant differences exist in gene expression related to steroidogenic capacity, hormonal responsiveness, and differentiation of thecal, granulosal, and cumulus cells between cattle with a low versus a high AFC.
Direct determinations of whether these differences, however, also have a negative impact on oocyte competence and fertility in young adult cattle with inherently low versus high numbers of healthy follicles and oocytes will be important to determine, but this was beyond the scope of the present study. Nevertheless, the results of the present study, coupled with our previous results [22, 23, 25] , provide important new insights and directions into potential mechanisms whereby the variation in follicle numbers and, correspondingly, in circulating FSH and AMH concentrations, may have an impact on ovarian function in single-ovulating species, like cattle and perhaps humans.
Circulating FSH concentrations are well established to be higher in cattle with relatively low numbers of follicles growing during follicular waves [17, [22] [23] [24] . Moreover, FSH is a positive regulator of aromatase [83] , estradiol receptors [84] , and estradiol production [83] by granulosal cells. Consequently, the enhanced intrafollicular and granulosal cell estradiol production, coupled with much higher expression of the gene transcripts for aromatase (CYP19A1) in granulosal cells and the estrogen receptors (ESR1 and ESR2) in cumulus cells (and a tendency for ESR2 in oocytes), for animals with low follicle numbers in the present study are most likely explained by chronically higher circulating FSH concentrations in cattle with low versus high follicle numbers [17, [22] [23] [24] . The reason estrogen receptors were selectively increased in these cell types but not mural granulosal or thecal cells, despite the high intrafollicular estradiol concentrations, is unknown. Nevertheless, previous reports support differential regulation of the same genes in the different cell types of follicles [85, 86] . Surprisingly, however, high physiological concentrations of estradiol block maturation of bovine oocytes in vitro and cause chromosomal aberrations [63] . Moreover, relatively high FSH concentrations in the presence of insulin in rodents [87] , heightened secretion of FSH in transgenic rodents [88] , and superovulation of cattle [89, 90] , which would be expected to greatly enhance ovarian estradiol production, also diminish developmental competence of oocytes and fertility. These intriguing findings imply that the much higher (2-fold) intrafollicular estradiol concentrations, coupled with the potentially enhanced responsiveness of cumulus cells and oocytes to estradiol observed in the present study, may have detrimental effects on oocyte maturation and developmental competence in cattle with low follicle numbers. The novel findings in the present study that animals with relatively low follicle numbers and high intrafollicular estradiol concentrations also have higher expression of the genes for CTSB and CTSS (tendency) in cumulus cells, but much lower expression of AMH and TBC1D1 in granulosal and thecal cells, further support the possibility that follicular function and oocyte maturation and quality are diminished in healthy young adult cattle with chronically low versus high follicle numbers. For example, cathepsins are lysosomal cysteine proteinases involved in a variety of cell processes, pathologies, and apoptosis [91] and, most importantly, recent studies from our laboratory show that gene transcripts for several cathepsins are highly expressed in cumulus cells surrounding oocytes from prepubertal (a model of poor oocyte quality) versus adult cattle [72] . Moreover, these same mRNA transcripts are more abundant in the cumulus cells for adult metaphase II bovine oocytes that develop to the blastocyst stage at a low percentage following parthenogenetic activation, and inhibition of cathepsin activity during meiotic maturation results in enhanced rates of blastocyst development following in vitro fertilization [72] . Thus, relatively high expression of cathepsins in cumulus cells, as observed for animals with low follicle numbers in the present study, implies that oocyte quality may be compromised. Although it is unknown whether the much higher intrafollicular estradiol observed for animals with low versus high follicle numbers in the present study also explains the enhanced expression of the cathepsin transcripts in cumulus cells, previous studies in rodents support a potentially positive role for estradiol in cathepsin regulation [92, 93] .
AMH is a member of the TGFb superfamily of growth factors that is produced in females only by healthy granulosal and cumulus cells of growing follicles [94, 95] , and AMH concentrations are associated positively not only with follicle numbers but also oocyte quality and fertility in humans [65, 95] . Although circulating FSH and AMH concentrations were not measured in the present study, young adult cattle with relatively low follicle numbers also have correspondingly 10% to 50% higher circulating FSH [17, [22] [23] [24] but 80% lower circulating AMH concentrations compared with age-matched animals with high follicle numbers during follicle waves [25] . These observations, coupled with the much lower expression of AMH transcripts in granulosal cells of cattle with low follicle numbers observed in the present study, further support the possibility that oocyte quality and perhaps fertility are lower for cattle with low follicle numbers. However, although FSH action is enhanced in AMH knockout mice [95] , it is unknown whether the significant inverse relationship between circulating FSH and AMH concentrations for cattle with chronically low follicle numbers during follicle waves [17, [22] [23] [24] [25] causes or contributes to the detrimental effects of high physiological concentrations of FSH and estradiol on oocyte maturation and competence reported by others [63, [87] [88] [89] [90] .
TBC1 (tre-2/USP6, BUB2, cdc 16) domain family, member 1 (TBC1D1) is the founding member of a protein family containing TBC domains that regulate Rab GTPases. Rab Results are depicted as copies of ESR1 or ESR2 mRNA per copy of 18S rRNA. Each bar represents the mean 6 SEM for a total of 15 follicles (three follicles in each of five animals). Asterisks indicate statistical significance between means, ***P , 0.01, **P , 0.05.
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GTPases have a significant regulatory role in vesicle trafficking [96] and cell signaling, differentiation, and growth [97, 98] , and Rab GTPases are upregulated in human granulosal cells by gonadotropins [99] . Genetic variation in the TBC1D1 gene is associated with risk for severe obesity in women [100] . Moreover, the TBC1D1 protein is structurally similar to AS160, a Rab GTPase-activating protein (GAP) and known regulator of insulin-mediated Glut4 translocation in adipocytes and muscle. TBC1D1 may therefore mediate glucose or fatty acid transporters, especially in insulin-sensitive tissues, and in turn be important for overall energy balance [98, 100, 101] . Although the regulation and role of TBC1D1 in the ovary are unknown, the TBC1D1 transcript is highly expressed in thecal cells, which are insulin sensitive [102] , throughout the development of dominant follicles compared with subordinate follicles during follicular waves in the bovine [57] . This finding implies that the lower expression of TBC1D1 in thecal cells observed in the present study may have a negative impact on thecal cell function and survival of the largest-growing follicles during follicular waves in cattle with low versus high AFCs.
In conclusion, results demonstrate that the inherently high variation in follicle numbers during follicular waves is linked with significant alterations not only in intrafollicular estradiol production, but also expression of key genes involved in granulosal cell estradiol production (CYP19A1), and potentially in regulation of FSH action (AMH), differentiation and function of thecal cells (TBC1D1), estradiol responsiveness (ESR1, ESR2), and determinants of oocyte quality in cumulus cells (CTSB). More direct studies will be necessary to verify the potential positive association of the intrinsic variation in follicle numbers with oocyte competence, as well as the potential functional roles for estradiol, estrogen receptors, aromatase, cathepsins, AMH, and TBC1D1 in dominant follicle function and/or oocyte quality. The bovine model is uniquely appropriate to resolve these important mechanistic questions because the results of the present study provide new insights into differential gene expression in various follicular cell compartments (measured early in a follicular wave) of animals with a low versus a high AFC and size of the ovarian reserve, and hence the potential mechanisms whereby variation in follicle numbers may have an impact on follicular differentiation, function, and oocyte quality.
